We theoretically and experimentally study the nonlinear propagation of polychromatic light in curved waveguide arrays. We show that at moderate light powers the nonlinear self-action breaks the left-right symmetry of the polychromatic beam, resulting in the separation of different spectral components owing to the wavelength-dependent spatial shift. At high light powers a diffraction-managed polychromatic soliton is formed. These results demonstrate new possibilities for tunable demultiplexing and spatial filtering of supercontinuum light. © 2010 Optical Society of America OCIS codes: 190.0190, 190.6135, 190.4420. Arrays of curved optical waveguides have become an important tool for testing fundamental phenomena of solid-state physics, including dynamic localization (DL) of charged-particle wave-packets moving in ac periodic potentials [1] . In optics, the effect of ac electric field is mimicked using beam propagation in arrays of periodically curved waveguides [2] , and similar to the DL effect the coupling between the waveguides can be effectively suppressed for monochromatic light [3] [4] [5] . Importantly, curved arrays can also fully control the diffraction of polychromatic light [6] , where the strength and frequency dispersion of the waveguide coupling can be designed by optimizing the waveguide-bending profiles. The dynamic control of beam reshaping can be enabled by the interplay between optical nonlinearity and longitudinally modulated diffraction [7] [8] [9] [10] . A fundamental effect in such interplay is the formation of diffraction-managed solitons [11] [12] [13] that were recently demonstrated experimentally [14] . However, nonlinear light propagation and localization in diffraction-managed lattices have been performed with monochromatic light beams only and have never been explored with polychromatic light (to our knowledge). In this work, we study theoretically and experimentally the propagation of polychromatic light beams in curved nonlinear waveguide arrays and demonstrate two novel effects: (i) nonlinear symmetry breaking of the polychromatic beam profile and (ii) formation of diffraction managed polychromatic solitons.
Arrays of curved optical waveguides have become an important tool for testing fundamental phenomena of solid-state physics, including dynamic localization (DL) of charged-particle wave-packets moving in ac periodic potentials [1] . In optics, the effect of ac electric field is mimicked using beam propagation in arrays of periodically curved waveguides [2] , and similar to the DL effect the coupling between the waveguides can be effectively suppressed for monochromatic light [3] [4] [5] . Importantly, curved arrays can also fully control the diffraction of polychromatic light [6] , where the strength and frequency dispersion of the waveguide coupling can be designed by optimizing the waveguide-bending profiles.
The dynamic control of beam reshaping can be enabled by the interplay between optical nonlinearity and longitudinally modulated diffraction [7] [8] [9] [10] . A fundamental effect in such interplay is the formation of diffraction-managed solitons [11] [12] [13] that were recently demonstrated experimentally [14] . However, nonlinear light propagation and localization in diffraction-managed lattices have been performed with monochromatic light beams only and have never been explored with polychromatic light (to our knowledge). In this work, we study theoretically and experimentally the propagation of polychromatic light beams in curved nonlinear waveguide arrays and demonstrate two novel effects: (i) nonlinear symmetry breaking of the polychromatic beam profile and (ii) formation of diffraction managed polychromatic solitons.
We consider a waveguide array with nonlinear response defined by the time-averaged light intensity of different spectral components, such as in photorefractive materials. The evolution of polychromatic beams in the curved arrays can be described by the normalized nonlinear equations for the spatial beam envelopes E m ͑x , z͒ of a set of discrete spectral components m [15] ,
where x and z are the transverse and propagation coordinates normalized to the characteristic values x s =1 m and z s = 1 mm, respectively. D = z s m / ͑4n 0 x s 2 ͒ is the diffraction coefficient; n 0 is the medium average refractive index; and ͑x͒ = ͑x − x 0 ͒ defines the transverse refractive index profile of the array, where x 0 ͑z͒ is the waveguide axis bending profile.
defines the nonlinear change of the refractive index, ␥ is the nonlinear coefficient, M is the number of wavelength components, and ␣͑͒ accounts for dispersion of the nonlinear response.
First, we consider the general symmetry properties of polychromatic beams propagating in curved nonlinear waveguide arrays. The evolution of field amplitudes at individual waveguides, a m,n ͑z͒ can be approximately described by the coupled-mode equations [14] 
Here m is the number of the spectral component, and n is the waveguide number, C m = C exp͓−2in 0 dẋ 0 ͑z͒ / m ͔ are the coupling coefficients depending on the local waveguide curvature, C is the coupling coefficient in a straight array, and d is the waveguide spacing. The nonlinear term Ḡ is defined similar to the nonlinear term in Eq. (1), the asterisk stands for the complex conjugation, and the dot stands for the z derivative.
We observe that, if a m,n is a solution of the coupledmode equations then b m,n ͑z͒ = ͑−1͒ n a m,−n * ͑z͒e i m is also a solution of the same equations but with the opposite sign of the nonlinearity ␥ → −␥, where m are arbitrary constant phase coefficients. This is a nontrivial generalization of the symmetry that is known to exist for optical Bloch oscillations [16] and between positive and negative nonlinearities in straight waveguide arrays [17] . In the linear propagation regime, ␥ ϵ 0, a m,n and b m,n satisfy exactly the same evolution equations. If only a single waveguide ͑n =0͒ is excited at the input, the initial conditions for functions a m,n and b m,n can always be made the same by the proper choice of the constant phase coefficients, m = 2 arg͓a m,0 ͑0͔͒. Therefore a m,n and b m,n are identically equal at any propagation distance a m,n ͑z͒ ϵ b m,n ͑z͒ϵa m,−n * ͑z͒e i m , and the beam intensity profile is symmetric since ͉a m,n ͑z͉͒ 2 ϵ͉a m,−n ͑z͉͒ 2 . In contrast, in the nonlinear propagation regime the evolution equations for functions a m,n and b m,n are no longer the same, they differ in the sign of the nonlinear coefficient ␥. Thus the left-right reflection symmetry of the intensity profile is immediately broken in the nonlinear regime. On the other hand, if one considers two identical arrays with the opposite sign of the nonlinearity and the same input single site excitation, then there exists exact reflection symmetry of the beam profiles between the two signs of the nonlinearity since ͉a m,n ͑z ;+␥͉͒ 2 ϵ͉a m,−n ͑z ;−␥͉͒ 2 . To confirm the predictions of the approximate coupled-mode theory we numerically solve Eq. (1) using a finite-difference beam-propagation method. We choose the waveguide-bending profile composed of two sinusoidal sections, Fig. 1 , we compare the light propagation in curved waveguide array in the linear [ Fig. 1(a) ] and the nonlinear [Figs. 1(b) and 1(c)] regimes. At low input power (linear regime), the output diffraction pattern in the curved array is symmetric with respect to the input position. This is the case for all spectral components [ Fig. 1(a) , right] despite their nontrivial evolution inside the array [ Fig. 1(a) , left]. In contrast, in the nonlinear regime symmetry of the output beam profile gets broken. For the defocusing nonlinearity ͑␥ =−1͒, more blue components are concentrated on the left and more red spectral components are present on the right-hand side of the beam [ Fig.  1(b) , right]. For the focusing nonlinearity ͑␥ =1͒, the output-beam profile is also asymmetric [ Fig. 1(c) , right], and it is almost identical, up to the left-right reflection, to the output profile for the defocusing nonlinearity at the same input power level [cf. Fig. 1(b) , right, and Fig. 1(c), right] . This effect suggests novel possibilities for all-optical sorting of ultrabroad spectrum beams into narrowband output channels. This power-dependent spatial demultiplexing of individual spectral components in curved waveguide arrays is quite different than straight arrays where the output-beam profile always remains symmetric, with blue components dominant in the beam center and red components defining the outer edge [15] .
The spectral distribution between the output waveguides depends strongly on the input intensity; see Fig. 2 . For high input powers, noticeable difference starts to occur in the beam profiles for the defocusing [ Fig. 2(a) ] and focusing [ Fig. 2(b) ] nonlinearity. Note that the coupled-mode analysis predicts an exact reflection symmetry of the beam profiles for both signs of the nonlinearity; however, this approach starts to fail at high levels of nonlinearity. As the power is increased further, simultaneous nonlinear self-trapping of all spectral components to a single waveguide channel, and formation of polychromatic diffraction-managed soliton occurs for both defocusing and focusing nonlinearities. Similar to monochromatic diffraction-managed solitons [14] , the critical power required for formation of polychromatic diffraction-managed solitons in the curved arrays is several times higher than in straight arrays. To test our theoretical predictions experimentally, we fabricate curved waveguide arrays with the same parameters as in Fig. 1 , by titanium indiffusion in a 50-mm-long X-cut LiNbO 3 monocrystal. For excitation of the samples, we use a supercontinuum beam in the spectral range of 460-660 nm, generated by femtosecond laser pulses coupled into highly nonlinear photonic crystal fiber. The polychromatic beam is focused to a single channel of the waveguide array. The array output is imaged on a color CCD camera through a dispersive prism, in order to resolve all spectral components of the beam. LiNbO 3 exhibits broadband defocusing photorefractive nonlinearity [15] , where its nonlinear refractive index modulation depends on the input power and slowly increases with illumination time. Therefore, at fixed input power one can establish a unique correspondence between the illumination time in the experiment and the strength of nonlinearity (optical intensity) in the numerical simulations. As such, we monitor the output intensity distribution with increasing illumination time (until a steady state is reached).
At low input power, in the essentially linear propagation regime, the measured output beam profile is symmetric with respect to the central waveguide ͑n =0͒ [ Fig. 3(a) Fig. 1(b) , right]. Figures 3(b) and 3(c) illustrate the dependence of output spatial profiles on the illumination time due to the gradual increase of the nonlinear refractive index change in LiNbO 3 . The key result is the formation of diffraction-managed polychromatic soliton through self-localization of all spectral components to a single waveguide at longenough illumination times [ Fig. 3(d) ].
In conclusion, we have analyzed theoretically and demonstrated experimentally nonlinearity-induced symmetry breaking of polychromatic beams in curved photonic lattices. We observed formation of polychromatic diffraction managed solitons at higher input powers. Our results suggest novel opportunities for all-optical tunable spatial filtering of supercontinua.
